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Seismic Response of Structures on Soft Foundations
P.M. Byrne
Assoc. Professor, Dept. of Civil Eng., University of B.C., Canada

SYNOPSIS A method of analysis for predicting the earthquake induced response a structure on a
flexible foundation soil is presented. The foundation soil is represented by a bed of elasticplastic springs allowing both the strength of the soil and its stiffness to be incorporated in the
analysis. Application of the method indicates: (1) the vertical component of the earthquake has a
negligible effect on the response of the structure (2) the maximum induced overturning moment depends primarily on the strength of the soil and whether the foundation is free to lift from the soil
(3) overturning of tall buildings is unlikely to occur unless the foundation soil suffers a strength
loss due to the shaking.
INTRODUCTION
The design of structures to resist earthquake
forces is generally based on the assumption
that the building rests on a rigid foundation.
Analyses have been performed in which the
flexibility of the foundation soil has been
included (Parmelee et al. (7)) and these
analyses show that the horizontal dynamic
forces applied to the structure are not greatly
altered as a result of the flexibility of the
foundation soil. However, these analyses have
treated the foundation soil as a linear elastic
material.
In fact, due to rocking motion, the
pressure at one edge of the building foundation
may well reach the ultimate bearing pressure of
the soil while at the other edge, the foundation may lose contact with the soil. These
conditions lead to plastic deformations which
significantly alter the response of the building. This type of behaviour has been considered by Byrne (1,2,3,4). Meek (6) and Huckelbridge and Clough (5) have considered the
effect of foundation separation or uplifting
and shown that it has a major effect on the
response of the building.
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FIG. I BUILDING ON A FLEXIBLE
FOUNDATION

FIG 2 FORCE- DEFLECTION BEHAVIOUR
OF HORIZONTAL SPRING.
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Byrne (1) considered the effect of combined
horizontal and vertical earthquake excitation,
and showed that the vertical component has a
negligible effect. Herein the analysis is
extended to consider slip at the base of the
structure.
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METHOD OF ANALYSIS
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If the structure is quite rigid compared to the
soil, then, for planar motion it can be modelled by the rigid three degrees of freedom rectangular block shown in Fig. 1. The foundation
soil is modelled by horizontal and vertical
springs representing the flexibility or compliance of the soil as shown in Fig. 1. The
horizontal spring is assumed to respond in a
elastic-plastic manner as shown in Fig. 2
while the vertical springs are assumed to have
the elastic-plastic stress-deflection charac-
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Fl G. 3 STRESS- DEFLECTION BEHAVIOUR
OF VERTICAL SPRINGS

FIG.4 FREE BODY DIAGRAM
OF RIGID BUILDING.

teristics shown in Fig. 3.
The horizontal component of the earthquake
excitation is applied through the horizontal
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spring and the vertical component through the
vertical spring. The structure in its displaced configuration is shown in Fig. 4 from
which the equations of motion for horizontal,
vertical and rotational or rocking motion without viscous damping are as follows:
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in which M = the mass of the structure; I =
the moment of inertia of the structure about
its center of mass; Q and Q the horizontal
2
1
and vertical forces acting at the base of the
structure; d = the vertical distance from the
base to the center of mass when the structure
is in the undisplaced position; E = the
eccentricity of the force Q2 about a point on
the base vertically below the center of mass in
the undisplaced position; x, y the horizontal
and vertical displacements of the center of
mass;
y the horizontal and vertical acceleration of the center of mass relative to be free
field; 8 and 9 the rotation and rotational
acceleration of the center of mass respectively;
and
and y the free field horizontal and
g
g
vertical acceleration.
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ANALYSES PERFORMED
The method of analysis described above was
applied to a number of structures underlain by
a range of soil conditions and subjected to two
earthquake excitation records. Both horizontal
and vertical components of the earthquake were
considered. The horizontal and combined horizontal and vertical components were considered
separately so that the influence of the vertical
motion could be assessed.
The two earthquakes chosen were the El Centro
record of 1940 and the Alameda Park, Mexico
City, record of 1962. These records were
scaled to a peak horizontal acceleration level
= 0.3g and a peak vertical acceleration = O.lBg.
Structures having a height to width or aspect
ratio of 5, and widths of 10, 30, and 60 ft.
were analyzed. The structures were assumed to
be rigid and the weights and moments of inertia
are listed in Table 1.
Foundation soil conditions were modelled by vertical springs
having stiffnesses, kv' ranging from 50 to 500
kip/ft 3 and horizontal springs with stiffnesses,
2
K, ranging from 300 to 3000 kip/ft . These
values are listed in Table 1 together with the
resulting rocking periods of the structures for
elastic response conditions.

x

The force Q2 is obtained by integrating the
contact stresses on the base of the structure.
While the foundation soil remains elastic this
is done by closed form integration. Once the
soil becomes plastic a numerical method in
which the base is divided into 10 equal parts
is used. The contact stress is determined at
the center of each part and summed over the
area to yield Q2 . The eccentricity, E, of the
force is obtained by dividing the moment caused
by the contact stresses about the center of
mass by the force 0 2 •
It should be noted that the first term on the
right hand side of equation 3 represents the
overturning moment caused by the earthquake,
M , while the second term represents the
0

stabilizing moment exerted by the foundation
soil, Ms' so that:

TA.BLE 1
Prop~rties

for Rigid Structures
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NOTE: \Weight and Moment of Inertia values art': for a one foot thickness.

(4)

In a pseudo-static analysis, 9 = 0 and these
two moments are equal. However, in a dynamic
analysis the rotary inertia term may be significant so that the overturning and stabilizing
moments will not, in general, be equal.
Equations 1, 2 and 3 are coupled equations and
are solved in the coupled form using the midacceleration integration procedure developed by
Penzien, (9).
Viscous damping forces for both the structure
and the foundation can be added as described by
Byrne (3) and are included in the analysis
which follows.

1

The vertical springs were assumed to have a
yield stress, or strength, p , given by:
y

where W = the weight per longitudinal ft. of
structure, B = width of the structure, and F
the static factor of safety against plastic
yielding of the soil. A yield stress corresponding to F = 2 was generally used.
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The horizontal spring was assumed to have a
yield force limit, Qy' given by:
Q

y

fW

=

an analysis be appropriate to the particular
site (Seed, Ugus and Lysmer (10)).
( 6)

where f = a friction factor which was allowed
to vary.
Viscous damping values corresponding to 20 percent of critical were used for both the vertical and horizontal motion of the foundation.
A viscous damping value of 5 percent of critical was used for the rocking motion of the
foundation (Lambe and Whitman (7)). These viscous damping values include effects of both
material and geometrical damping in the linear
range. Additional damping results when plastic deformations occur.

The effect of varying the strength or static
facts of safety, F, for a 30 ft. wide by 150 ft.
high structure is shown in Fig. 6. No significant increase in the maximum rotation occurs
until F falls below 3.0. When F is less than
1.5, very large rotations leading to bodily
overturning occur.
Generally a static factor
of safety of at least 2 is used in design. However, should the earthquake shaking reduce the
strength of the soil and consequently the
static factor of safety, large rotations and
bodily overturning such as occurred at Niigata,
Japan, 1964 is a possibility. Such a strength
loss is only likely to occur in saturated loose
to medium dense silts and sands.
4 .0.-----,l-.--.,.1---r-l--.,--1-.....,1--.....,

RESULTS

H/B • 5

The maximum rotation of the base that occurred
for each structure is shown in Fig. 5.
The
horizontal component only and the combined
horizontal and vertical components gave essentially the same result and are shown as one
symbol. The vertical spring stiffness has
little effect on the response.
The maximum
rotation is approximately inversely proportional to the width of the structure even though
the aspect ratio is constant for all structures,
due to the more rapid increase of moment of inertia vis-a-vis overturning moment.
Thus,
larger structures undergo smaller rotations
and are less likely to overturn.
Rotations are much greater for the Alameda Park
record (predominant period of about 2.3 seconds)
than for the El Centro record (predominant
period of about 0.55 seconds).
It is important,
therefore, that the earthquake record used in
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FIG.6 BASE ROTATION VS. STATIC
FACTOR OF SAFETY.

The effect of varying the friction factor,f,
on the 30 ft. wide structure is shown in Figs.
7 and 8.
In Fig. 7 it may be seen that where
the friction factor is zero, the rocking or
rotation is zero and it increases as f increases.
If the vertical springs remain elastic and
uplift is prevented, the rotations remain small
(solid line).
If the springs yield at a stress
correspnding to a static factor of safety,
F = 2 and uplift is free to occur the rotations
are much greater (dashed line) •
The corresponding maximum stabilizing moment,
Ms, for the same conditions as above is shown

Base Width B-1!.

FIG.5 BASE ROTATION VS. BASE WIDTH.

in Fig. 8. Again when the friction factor
f.= O, the moment is zero, and rises rapidly
w~th f to 2900 k!J. ft.
when the vertical springs
remain elastic (solid line). When the vertical
springs yield (F = 2) and uplift is free to
occur the moment again rises rapidly with f but
levels off at the much lower value of 600 kp~t.
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as shown by the dashed line. When the vertical
springs remain elastic in compression but uplift is free to occur the maximum moment is
850 kp. (dashed-dot line). This indicates that
the maximum moment for friction factor values
in excess of about 0.3, are mainly governed by
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whether the foundation is free to uplift from
the soil rather than by yielding of the soil
in compression.
In practice the friction factor is likely to
exceed 0.3, so that yielding of the vertical
springs will be much more important than sliding for most structures. The results shown in
Fig. 8 therefore suggest that structures whose
foundations are prevented from losing contact
with the soil by anchors or piles will be subjected to much higher overturning moments than
structures with simple uplifting foundations .
The columns of such structures will be subjected to much higher compressive forces as
well as tensile forces.
Many of the high rise
buildings damaged during the Caracas earthquake of 1967 had pile foundations and suffered
major column damage.
The foundations themselves we+e undamaged.
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FIG. 7 BASE ROTATION VS. FRICTION FACTOR, f.
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FIG.8 MAXIMUM MOMENT VS. FRICTION FACTOR, f.

A method of analysis has been presented which
allows the earthquake induced rocking motions
of a structure founded on an elastic-plastic
foundation to be determined. Both horizontal
and vertical components of the earthquake have
been considered. The method was applied to a
number of structures founded on a range of
foundation soils and subjected to two earthquake excitations. The results indicate the
following points:
1. The vertical component of the earthquake
has a negligible effect on the rocking motion
of buildings.
2. The maximum rotation induced in a building
is highly dependent on the earthquake excitation
used. It is therefore, important that an earthquake excitation appropriate to the particular
site be used.
3. For buildings having the same aspect ratio,
and subjected to the same earthquake excitation,
the maximum rotation is approximately inversely
proportional to the size of the building, and
thus larger buildings are less likely to overturn.
4. The maximum induced moment depends primarily
on the strength of the soil and whether the
foundation is free to lift from the soil.
Foundations that are prevented from uplifting
develop much higher moments.
s. Horizontal slip at the base of a structure
greatly reduces the forces, moments and rotations
of the structure.
6. Overturning of tall buildings is unlikely,
even for very severe earthquake shaking, unless
a reduction in soil strength occurs due to the
shaking.
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